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ABSTRACT RESUMEN 
The young discipline of palaeogenetics has developed 
into a successful and expectant field of archaeobiological 
research within the last decade. Palaeogenetic investiga-
tion (e.g. PCR, DNA sequencing) of ancient specimens is, 
however, susceptible to falsification by the presence of 
contamination from more recent times. Contamination 
which can lead to amplification of non-authentic sequen-
ces is known to stem from several sources: (i) human bio-
molecules derived from the persons performing the genetic 
experiments, perhaps also from the archeologists and other 
persons who have previously handled the specimens or (ii) 
edaphic DNA sequences derived primarily from bacterial 
or fungal growth upon the specimen. A third source of 
contamination can arise from (iii) substances used for con-
servation of specimens. Here we give advice on the correct 
processing of prehistoric bone samples when further mo-
lecular biological examination is required. Along with the 
demonstration of necessary precautions and working con-
ditions, we further explain how an unequivocal DNA con-
tamination monitoring is performed. 
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La paleogenética se ha convertido en los últimos años 
en una disciplina coronada de éxito que ofrece grandes ex-
pectativas para el desarrollo de la investigación arqueobio-
lógica. No obstante, la investigación paleogenética (p. ej: 
PCR, secuenciación del ADN) de especímenes antiguos es 
susceptible de ser falsificada por la presencia de una con-
taminación más reciente. Actualmente sabemos que la con-
taminación que provoca la amplificación de secuencias 
''no auténticas" procede de las siguientes fuentes: (i) las 
biomoléculas humanas provienen de la persona que realiza 
el experimento genético o incluso también del arqueólogo 
u otras personas que previamente hayan tenido contacto 
con el espécimen; (ii) de secuencias de ADN edáficas de-
rivadas básicamente del crecimiento bacterial ofúngico en 
el seno del espécimen. La tercera fuente de contaminación 
puede surgir de las substancias (iii) empleadas para la con-
servación del espécimen. El objetivo de este artículo con-
siste en aportar una serie de consejos sobre el modo correc-
to para tratar las muestras de material óseo prehistórico, 
en el caso que se pretenda realizar ulteriores exámenes bio-
moleculares. Con esta finalidad presentamos detallada-
mente las precauciones y condiciones necesarias de traba-
jo, así como una explicación de cómo puede controlarse la 
contaminación del ADN. 
Resulta prometedora la introducción de las herramien-
tas y de la metodología paleogenéticas en el marco de la 
investigación arqueológica. Tal y como se observa en la 
mayoría de las publicaciones recientes, existe un gran nú-
mero de cuestiones que pueden beneficiarse del estudio 
paleogenético. Cabe citar, entre otras, por ejemplo, los 
métodos para la reconstrucción de las estructuras sociales 
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en la Prehistoria (a saber, la determinación de las relacio-
nes de parentesco), o ciertas aplicaciones de la investiga-
ción paleopatológica. Por otra parte, el repertorio de téc-
nicas disponibles para el análisis del ADN fósil, incluso del 
que está altamente degradado, permite elucidar, y en algu-
nos casos dar respuesta, a antiguas cuestiones de interés 
general sobre la evolución de la humanidad. Con la ayu-
da de métodos más extensos y de un conjunto de técnicas 
de ADNa optimizadas eficazmente, la paleogenética, en 
tanto que joven disciplina, se establecerá por sí misma 
como un instrumento importante de la investigación ar-
queológica y antropológica. Sin duda alguna, la colabo-
ración científica internacional permitiría una mayor y 
mejor aceptación de estos métodos en el seno de las disci-
plinas implicadas, así como fuera de ellas y, en consecuen-
cia, llevaría a una mejor cualidad de la investigación den-
tro de las ciencias paleo genéticas. Cabe desear que en un 
futuro próximo se intensifique el intercambio de conoci-
mientos y experiencias entre los grupos de trabajo que es-
tudian las sociedades antiguas. 
Key words: Ancient DNA. Bone samples. Palaeogene tic 
analysis. Contamination detection. 
thods. The analysis of trace elements for example 
has been used to determine patterns in nutritional 
practices in prehistoric populations (Sealy et alii, 
1991). However, questions of kinship for example 
between individuals of a cemetery can be best 
adressed by the investigation of the fragmentary 
remains of residual DNA present in hard and soft 
tissues from archaeological sites (Hagelberg and 
Clegg, 1991; Scholz ^ i a///, 1997a, b, c). Moreover, 
to determine the state of DNA survival within the 
hyaline collagen matrix of prehistoric bone, the in-
vestigation of the content of ancient amino acids 
and certain D/L values thereof may be a necessary 
prerequisite (Poinar ei a///, 1996). 
Here we describe the handling of hard tissues 
(i.e. bone samples) derived from palaeontological 
specimens when further investigations on a mole-
cular level are required. The guidelines described 
herein will help to meet a high quality standard to 
guarantee non-artefactual genetic analyses (e.g. 
DNA cloning, DNA amplification by the polyme-
rase chain reaction (PCR)). 
Palabras clave: ADN antiguo. Muestras óseas. Análisis 
paleogenéticos. Contaminación detección. 
INTRODUCTION 
The isolation and examination of the hereditary 
molecule deoxyribonucleic acid (DNA) from pre-
historic and fossil bone samples has become one of 
the biggest challenges in prehistoric anthropology 
within the past years (Izagirre et alii, 1998; Pusch 
and Scholz, 1997; Pusch and Scholz, 1998; Pusch 
et alii, 1998; Scholz and Pusch, 1997; Scholzet alii, 
1998). Traditionally, anthropologists use morpho-
logical features on human remains to directly assess 
information about the individuals' gender, age and 
the conditions under which they lived. Under good 
conditions of preservation of the bone morphology, 
statistical analyses of epigenetic variants {discre-
ta) may allow anthropologists to make inferences 
about the genetic structure and thus, the kinship 
relations of prehistoric societies. However, it should 
be noted that a direct association between the gene-
tic character of an individual and epigenetic variants 
has not yet been demonstrated (Hauser and deSte-
fano, 1989; Scholz, 1996). In addition, scientists 
out of different research fields have begun to analy-
ze prehistoric bone material with alternative me-
aDNA PRESERVATION 
Encoded hereditary information (e.g. DNA po-
lymorphisms and sequence variants) specific to 
every individual is stored in the mitochondria as 
well as the nucleus of every cell -and thus every 
sclerocyte- of the respective higher organism. Af-
ter cell death, natural decomposition begins to de-
generate the DNA macromolecule (i.e. polymer). 
The further decay of nucleic acids is dependant on 
weathering, soil chemistry and other biochemical 
reactions, such as hydrolysis or oxidation. Under 
certain and favourable conditions of preservation, 
various sized (low molecular weight) fragments of 
the original high molecular weight DNA may be 
preserved in bone. The presence of minute amounts 
of highly degraded nucleic acids requires the deve-
lopment of both sensitive and effective methods for 
the preparation of residual biomolecules out of pre-
historic bone samples. 
ASEPTIC CONDITIONS 
In order to prevent possible contaminations 
when taking samples the following precautions 
have to be taken: All working steps are carried out 
under sterile conditions in a laboratory qualified for 
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Plate 1. a) Most steps of the working process have to take place in well separated laboratory rooms only. In order to gua-
rantee sterile conditions and a subsequent contamination prevention, non-authorized persons are not allowed to enter the-
se areas. Since biohazard chemicals are extensively handled and cloning procedures are possibly performed therein we re-
commend to declare the laboratories to S1 security zone, b) Special working areas (clean bench) and clothes (e.g. latex gloves 
and plexiglass face masks) are used for sample preparation and further analysis under sterile conditions. 
molecular genetic analyses (Plate la). The use of 
personal protection wear out for the scientists and 
an appropriate laboratory equipment (e.g. clean 
bench (Bachofer), is a necessary prerequisite (Plate 
1 b). All appliances and containers used for working 
with or storing the bone material are cleaned from 
possible remaining bone powder residue in several 
steps (stone powder, acetone, propan-2-ol) before 
and after use. By irradiating the work area with UV-
C light for approximately 6 hours it is free from 
amplifiable DNA fragments of any kind. Deconta-
mination of the containers and instruments used 
was carried out in two stages with substances capa-
ble of dissolving DNA and DNases (DNAaway, 
Molecular Bio-Products, Inc., San Diego, CA). 
SAMPLE PREPARATION 
Prehistorical skeletal remains normally were 
found and recovered by archaeological excavatio-
ns. This is significant concerning the following 
scientific examinations. Finally, only the expert 
mapping and recovering of the finds allows a suc-
cessful evaluation of the whole feature. Looking 
towards a possible aDNA-analysis the way how 
bones are recovered is very important. To avoid a 
possible contamination by the excavator (e.g. adhe-
red DNA and DNA decomposing DNase-reaction 
by contact, recent DNA by sweat or skin scales) it 
is necessary to wear already at this time latex glo-
ves and face masks. This should be valid for all fur-
ther steps of bone examination. Unfortunately, al-
though the potential meaning of molecular 
biological investigations in archaeological resear-
ch becomes obvious, in practice it comes up rare-
ly to this demand. For this reason several institutio-
ns and private excavation companies already started 
to work hand in hand with specially instructed ar-
chaeobiologists, who professionally introduce all 
required precautions when excavating and recove-
ring prehistoric bones. 
Certain areas of the skeletal remains are suitable 
for DNA extraction. Samples are mainly taken from 
the diaphysis region of the long extremity bones 
such as femur, tibia and humerus. Apart from the 
spongious substances unsuitable for use in the sub-
sequent extractions these consist of solid bone subs-
tance, the Compacta. In it, because of its dense 
structure and under favourable preservation condi-
tions, a sufficient amount of organic components 
(collagens) remain from which DNA may be isola-
ted. On principle and on the condition that prehis-
torical DNA is preserved, every other skeletal bone 
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Plate 2. Specific milling mm scpcuauun luuls LO remove 
any possible contamination from the surface of a sample. 
sample (e.g. skull, clavicle) can also be used for the 
extraction of nucleic acids (Scholz and Pusch, 
1999). 
At the best, the total sample consists of 2 to 3 
bone fragments of about 1 to 2 cm^ in order to 
make up for differences in promising DNA preser-
vation because of the storage conditions. The bone 
chips are removed with the help of a hand mill 
(DBF Supra; Kaltenbach & Voigt/ Biberach) whi-
ch is normally used in dental clinics. In order to 
work as exactly as possible the mill has to be fit-
ted with a diamond separation disc (Orthodontros, 
Ultraflex 912-EF). 
After the sample has been removed a slice of 
about 3 mm is milled off the sides of each sam-
ple in order to remove any contaminands and 
Spongiosa from the area of the Cavitas medulla-
ris (Plate 2). For this work the mill has to be fit-
ted with a new disc (Orthodontros, milling head 
of plastic-diamond with 3-layer trianonlining, 
GD-No. 6830). 
The bone samples are then mechanically ground 
into a fine powder with a vibration mill and sterile 
agate mortars in order to obtain the largest possible 
surface for subsequent lysis and extraction steps. 
After that, the bone powder is transfered into a con-
tainer with a screw-on top (Falcon BlueMax 2070) 
and gently mixed. From the sample size described 
about 6 to 8 g of bone powder can be obtained. A 
dry storage at room temperature is the most suita-
ble condition for the bone powder, which is now 
readily available for further molecular genetic 
analysis (e.g. PCR, cloning). 
CONTAMINATION MONITORING 
To initially test the contamination/purity status 
of a pulverized bone sample a sensitive and rapid 
method, based upon elevated levels of D-aspartic 
acid, D-alanine, D-leucine, D-serine, and D-phen-
ylalanine observed, is required. Approximately 1 
mg of pulverized bone sample (taken from an inter-
nal layer of the Compacta unless otherwise indica-
ted) is hydrolyzed in 200 |Lil 6 N DCl in D p (24 h/ 
110°C), esterified with 200 |il 1.5 N DCl in CH3OD 
(15 min/110°C) and trifluoroacetylated (100 ¡ill 
TFAA/10 min/110°C). Insoluble inorganic salts 
from the bone were largely removed by decanting 
theTtAA solution containing the dissolved amino 
acid derivatives into a fresh vial before evaporating 
off excess TFAA. The amino acid derivatives, dis-
solved in 10 |Lil toluene, are separated by enantiose-
lective gas chromatography on a Chirasil-Val capi-
llary and detected by mass spectrometric selective 
ion monitoring using the following ions: m/z 138 
(serine), m/z 140 (alanine), m/z 156 (aspartic acid), 
m/z 182 (leucine), m/z 214 (glutamic acid), and ml 
z 162 (phenylalanine). The D/L ratio of each ami-
no acid can be calculated directly from the respec-
tive peak areas. This general technique for racemi-
zation control has been described in more detail 
elsewhere (Gerhardt and Nicholson, 1994). 
The degree of racemization of amino acids has 
been proposed as an indicator for the presence or 
not of amplifiable authentic DNA in ancient sam-
ples (¥omdiV et alii, 1996). Racemization of aspar-
tate is the principal critérium considered and a 
threshold of 0.08 for the value of [D]/[L] aspartic 
acid was proposed (Poinar^i a///, 1996). Accordin-
gly, samples with higher racemate contents of as-
partic acid cannot be expected to contain authentic 
DNA suitable for amplification, while contamina-
tion from more recent times can allegedly be recog-
nized by D/L ratios of alanine and leucine being 
higher than that of aspartic acid (Poinar et alii, 
1996). For the detection of glue-based DNA conta-
mination (i.e. introduced by conservation techni-
ques), we further propose three criteria for the as-
sessment of whether or not a bone sample has been 
treated with glue. 
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Critérium 1 is based on the absolute value of D/ 
L serine. For example, the mean value for a collec-
tion of treated samples (n = 12) was 144.1 x 10"^  
with a standard deviation of 25.7 x 10"^ We there-
fore propose a threshold of D/L-serine of 92.7.xl0' 
^ which is the lower 95% confidence limit (i.e. 2s) 
for treated samples. Samples with D/L Ser values 
higher than 92.7 x 10"^  must therefore be conside-
red as having probably been treated with glue at 
least once. 
Critérium 2 is described by the ratio of the race-
mization rate constants of serine to aspartic acid. 
The absolute value for the racemate content of a 
specific amino acid in an ancient sample is depen-
dent upon numerous factors most important of 
which are its age and the temperature and pH expe-
rienced during deposition. Differences in the rela-
tive rates of racemization of two amino acids in the 
same sample on the other hand can reñect differen-
ces in the chemical environment (e.g. pH) while 
eliminating the factor of time. The racemization rate 
constant is defined as k^ ^^  = [ln(l/ee)]/2t -where ee 
defines: (enantiomeric excess) = ([L] + [D] )/([L] -
[D]), and t is the abbreviation for time-, given that 
the racemate content at zero time is zero (cf. values 
determined for bone samples of age ca. 2 years : D/ 
L = 3.8 X 10-3 for Asp and 2.4 x 10"^  for Ser). If we 
form the ratio of the rate constants of two amino 
acids in the same sample, the factor time (2t) is eli-
minated. Thus the ratio of the racemization rate 
constants for serine and aspartic acid are reliably 
calculated from the corresponding D/L ratios deter-
mined. For samples treated with glue, the mean of 
k /k was 0.740± 0.040 (n = 12) while the corres-
ser asp "^  ^ 
ponding value for non-treated samples was 0.480 ± 
0.205 (n = 50). As threshold we propose once again 
the lower 95% confidence limit of the treated va-
lues, i.e. 0.660. Values of k /k higher than 0.660 
ser asp *--' 
are indicative of possible contamination with glue. 
A scatter of values from non-treated samples is not 
unexpected considering the wide disparity of the 
deposition environments. 
Critérium 3 is based on the ratio of the racemi-
zation constants of phenylalanine to glutamic acid. 
Analogous to critérium 2, an elevated value for the 
racemization rate constant of phenylalanine relative 
to that of glutamic acid can indicate contamination 
with glue. The mean of k Jk ^^ for a collection of 
treated samples was 1.24/+0.212 while the corres-
ponding value for non-treated reference samples 
was 0.719 ± 0.444. The threshold (lower 95% con-
fidence limit) for probable contamination with glue 
is thus 0.828. The higher level of scatter of both 
populations results from the inability to determine 
the low absolute values of racemate content for both 
Phe and Glu (usually only approximately 1-2% D 
enantiomers) with high relative precision. 
Critérium 1 carries most weight in an assessment 
of whether or not a sample is contaminated by cer-
tain conservation techniques. In contrast, criteria 2 
and 3 show lower reliability. The presence of con-
tamination of doubtful samples may be ruled out by 
the low absolute values of D/L Ser (approximate-
ly 25 X 10'^ ). We thus propose that a sample must be 
considered as contaminated with glue if all three 
criteria are fulfilled. 
Furthermore, it is not only feasible to use sam-
ples taken from the bone surface but that differen-
tiation between treated and non-treated bones is in 
fact clearer on the basis of surface measurements 
(data not shown). Since only 1 mg substance scra-
ped from an inconspicuous part of the bone surfa-
ce is sufficient for testing, damage to the specimen 
is reduced to a minimum. 
CONCLUSION 
Summig up, it appears promising when palaeo-
genetic tools and methodology are introduced to 
the archaeological research. As already seen in 
most recent publications, a number of archaeolo-
gical questions may profit by palaeogenetics, 
amongst them e.g. approaches for reconstructing 
prehistoric social structures (i.e. relationship de-
termination) or certain applications in palaeopa-
thological research. Moreover, the repertoire of 
techniques available for the analysis of even hig-
hly degraded fossil DNA will further elucidate 
features of general biological interest (e.g. evolu-
tion of mankind). 
Since improved aDNA techniques provide va-
luable data and thus allow to launch larger resear-
ch projects, the relatively young discipline of pa-
laeogenetics will establish itself as a further 
important tool in prehistoric and anthropological re-
search. International scientific collaboration may 
undoubtlessly lead to a better and also broader ac-
ceptance within the involved and also quite difí'erent 
disciplines, and will therefore lead to a high quality 
research in palaeogenetic sciences. In the future, the 
increasing exchange of knowledge and experiences 
of the work groups handling ancient substrates is 
therefore highly desirable. 
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